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Abstract: Linear triatomic molecules (CO,, N,O, and OCS) are scrutinized for their propensity to
form perpendicular tetrel (CO, and OCS) or pnictogen (N,O) bonds with Lewis bases (dimethyl ether
and trimethyl amine) as compared with their tendency to form end-on chalcogen bonds. Comparison
of the IR spectra of the complexes with the corresponding monomers in cryogenic solutions in liquid
argon enables to determine the stoichiometry and the nature of the complexes. In the present cases,
perpendicular tetrel and pnictogen 1:1 complexes are identified mainly on the basis of the lifting of
the degenerate v 2 bending mode with the appearance of both a blue and a red shift. Van 't Hoff plots
of equilibrium constants as a function of temperature lead to complexation enthalpies that, when
converted to complexation energies, form the first series of experimental complexation energies on
sp! tetrel bonds in the literature, directly comparable to quantum-chemically obtained values. Their
order of magnitude corresponds with what can be expected on the basis of experimental work on
halogen and chalcogen bonds and previous computational work on tetrel bonds. Both the order of
magnitude and sequence are in fair agreement with both CCSD(T) and DFA calculations, certainly
when taking into account the small differences in complexation energies of the different complexes
(often not more than a few kJ molfl) and the experimental error. It should, however, be noted that
the OCS chalcogen complexes are not identified experimentally, most probably owing to entropic
effects. For a given Lewis base, the stability sequence of the complexes is first successfully interpreted
via a classical electrostatic quadrupole-dipole moment model, highlighting the importance of the
magnitude and sign of the quadrupole moment of the Lewis acid. This approach is validated by a
subsequent analysis of the molecular electrostatic potential, scrutinizing the o and 7 holes, as well as
the evolution in preference for chalcogen versus tetrel bonds when passing to “higher” chalcogens
in agreement with the evolution of the quadrupole moment. The energy decomposition analysis
gives further support to the importance/dominance of electrostatic effects, as it turns out to be the
largest attractive term in all cases considered, followed by the orbital interaction and the dispersion
term. The natural orbitals for chemical valence highlight the sequence of charge transfer in the orbital
interaction term, which is dominated by an electron-donating effect of the N or O lone-pair(s) of the
base to the central atom of the triatomics, with its value being lower than in the case of comparable
halogen bonding situations. The effect is appreciably larger for TMA, in line with its much higher
basicity than DME, explaining the comparable complexation energies for DME and TMA despite the
much larger dipole moment for DME.

Keywords: tetrel /pnictogen/chalcogen bonds; quadrupole-dipole model; infrared spectroscopy

1. Introduction

Non-covalent interactions (NCls) have been playing an increasingly important role
in chemistry in recent decades, for example, in the interpretation of the structure of
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biomolecules and the design of macro- and supramolecular entities. It is sometimes
said that, while the 20th century was the century of the covalent bond, the 21st century has
become the century of the non-covalent bond. As Schneider formulated it, “with coura-
geous simplification one might assert that the chemistry of the last century was largely the
chemistry of the covalent bonding, whereas that of the present century is more likely to
be the chemistry of the non-covalent bonding” [1]. Until some decades ago, the variety
of non-covalent interactions (NClIs) invoked in most chemical discussions was limited
to permanent dipole—permanent dipole, permanent dipole-induced dipole, and induced
dipole-induced dipole interactions, also known as the dispersion interaction [2], and,
with a unique status, the hydrogen bond. Linus Pauling, to whom this issue of Molecules
is a tribute, already devoted a separate chapter of his magnum opus “The Nature of the
Chemical Bond” [3] to the hydrogen bond with concomitant influence in nearly all sub-
fields of chemistry, and over the years, classical textbooks by Pimentel in the 1960s [4] and
later on by Schuster [5], Gilli [6], and others have guided generations of theoreticians and
experimentalists through its intricacies. Recent reviews (see, for example, [7,8]) pinpointed
that its story is still not at the end.

As compared with the other non-covalent interactions, the hydrogen bond has a
unique signature comprising the interaction of an electron-deficient H-atom of one molecule
(R-H) acting as a bridge to an electron-rich site of another molecule, leading to an attractive
Lewis acid-Lewis base interaction. In later years, the spectrum of non-covalent interactions
was broadened, essentially by specifying the nature of the dispersion-type interactions,
introducing the concept of m—m, 0—0, and o— interactions [9]. The signature of the H-
bond stood out until in the early 1990s, an (apparently) new type of NCI where the
bridging H-atom is replaced by a halogen atom was scrutinized and baptized the halogen
bond [10-14], although halogen bond adducts were known long before (for an historical
perspective, see [13]). Although a reversal in the polarity of the R-H bond with partial
positive charge on the hydrogen atom, considered as a conditio sine qua non for H-bond
formation, occurs when introducing a halogen instead of H-atom, a detailed analysis of
the charge distribution around the X atom in R-X revealed a highly asymmetric character
with, besides a concentration of negative charge in a belt around the bond axis, a buildup
of a positively charged region at the opposite side of the R atom. This sigma hole, leading
to a positive molecular electrostatic potential [15], was described in detail by Politzer
and coworkers [16-19], and was the basis for rationalizing the strength and directional
characteristics of halogen bonds, e.g., increasing strength when passing from F to Cl and via
Br to I [10-14]. This picture also fits the existence of the long known (vide supra) halogen
bond-adducts “avant la lettre” such as I3~ [20]. An avalanche of papers on both theoretical
aspects and applications of halogens bonds have appeared since then, as witnessed in
extensive reviews [10-14]. Quantum-chemical calculations, e.g., on structure and stability,
are omnipresent, whereas experimental work is less abundant; it concentrates foremost on
geometrical aspects of the halogen bond through microwave specroscopy [21,22] and only
in a small number of cases an experimental determination of the complexation energy, via
an infrared intensity-based method developed in the group of one of the present authors,
is reported (vide infra) [23-34]. The same characteristics show up in the literature of
the next members in this particular series of NClIs, the chalcogen bonding, involving a
chalcogen atom (O, S, Se, Te, and so on) (for reviews, see [35-38]), and the pnic(t)ogen
bonding, involving N, P, As, and so on as a substitute for the H atom in a hydrogen bond
(for reviews, see [37-40]). The experimental determination of dissociation constants is,
however, limited to the study of the S:--O chalcogen bond between C;F4S; and dimethyl
ether (DME) [41].

The next in line [42], the so-called tetrel bond, involving C, Si, Ge, and so on as an H-
substitute, has made its appearance as such (i.e., with that name) in a paper by Bauza et al. [43],
finding evidence for close contacts between Si, Ge, and Sn with O or halogen-containing
bases and generalizing work by Mani and Arunan [44] on the creation of an electron-deficient
site when methane is substituted by an electron-withdrawing group, at the opposite side
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of the tetrahedron. Tetrel bonds, however, were known long before, but not called as such,
for example, in the work by Klemperer et al. [45] in 1984 concluding from the rotational
spectrum of CO;,---NHj a T-shape geometry, and by Newby et al. [46,47] in 2004 coming to
similar conclusions on the basis of the rotational spectra of the OCS---DME and CO,:--DME
complexes, in which the latter complex was characterized as dominated by a quadrupole—dipole
interaction [48,49]. However, the position of the tetrel bond in the broader context of halogen,
chalcogen, and so on bonds was not established yet; as described in several reviews [40,50-52],
this occurred less than ten years ago, and within that period, a rather intense activity on the
description of tetrel bonding flourished. Again, mainly quantum-chemical studies appeared
characterizing the geometry and stability of tetrel complexes with an analysis of the bonding
itself with a multitude of powerful, well established tools such as EDA [53,54], ELF [55], and so
on, accompanied by a limited number of experimental microwave spectroscopy papers [56-58]
on the determination of the geometrical parameters. Just as in the case of pnictogen bonds,
experimental determinations of the stability of these complexes are absent, except, to the best of
our knowledge, for the study by the Antwerp group in 2003 on the CO,---DME complex [59],
yielding a dissociation energy of 16.5 k] mol~! with a follow-up study on the v;©2 /2v, €02
resonance [60] (see Section 2.1.1). An additional exception is work by the same group on the
tetrel bond between the complexes of COF, and COFCl with DME described as lone pair---7t
interactions, but that can be seen as tetrel bonds. However, these complexes refer to sp? carbons
with highly polar Lewis acids, which, in view of the sequences to be studied below concerning
sp! tetrel (and pnictogen) bonds and the associated electrostatic model involving low or small
dipole moments for the Lewis acids, will be left out of consideration in the remaining part of
the paper [31].

This situation brought us to the idea of extending the number of tetrel complexes with
reliable experimental stability values (see also Section 2.1.1) using a series also allowing
direct comparison with pnictogen and chalcogen bonds. The series of three linear triatomics
(COy, OCS, and N;O) interacting with two donor molecules (trimethyl amine (TMA) and
dimethyl ether (DME)) lends itself in an excellent way to such an exercise. As will be seen,
they show a variation in (possible) types of bonding (tetrel, pnictogen, and chalcogen), a
variation in the geometry of the complex (end-on versus perpendicular), and in one case
(OCS) they allow for a direct comparison between chalcogen and tetrel bonding between
the two partners. Furthermore, the presence of two donors (TMA and DME) can be used to
investigate the influence of the donor. All in all, the choice of these eight complexes permits
a variety of comparisons between different types of non-covalent interactions of the “not
only” hydrogen bonds (for previous work along these lines, see [51]) and the concomitant
interpretations. As will be seen, experimental stability values could be measured for
complexes with the three triatomics, be it that the chalcogen bonds with OCS could not
be detected. Nevertheless, the six experimental data on tetrel and pnictogen bonds from
which five have never been reported, together with the corresponding quantum-mechanical
values, form an excellent playground for discussing the (relative) stability of tetrel bonds.
The interpretation follows a twofold pattern. First, the data are analyzed in a classical
electrostatic model based on the dipole-quadrupole character of the complexes, the way
they were characterized in earlier times (vide supra) [45-47], accompanied by the analysis
of the characteristics of the molecular electrostatic potential [15]. The justification for (the
success of) this electrostatic approach is then provided by a quantum-mechanical energy
decomposition analysis [53,54], and a further analysis of the electron distribution (and
possible charge transfer) is performed via the NOCV (natural orbitals for chemical valence)
approach [61], which, particularly in its ETS-NOCYV variant [62] (combining NOCV with the
extended transition state (ETS) approach [53]), proved to be a highly valuable instrument
for characterizing the orbital interactions and concomitant charge transfer as part of the
stabilization energy, as, for example, extensively shown by Michalak and coworkers in the
study of the o-hole bonding in halogen bonds [63] and the present authors in the case of
the chalcogen bond [36].
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The structure of the paper is as follows. In Section 2, the methodology of both the
experimental IR measurements and the quantum-chemical calculations will be addressed
together with experimental and computational details. In the Results, Section 3, first (in
Section 3.1) experimental IR data and the resulting stabilization energies will be reported,
and then they are compared with the theoretical stabilization energies (Section 3.2). In the
Discussion, Section 4, the electrostatic approach (Sections 4.1 and 4.3) will be followed by
a quantum-chemical justification (Section 4.3) and further analysis of the bonding pattern
(Section 4.4). The overall conclusions are presented in Section 5.

2. Methodology and Experimental and Computational Details
2.1. Infrared Spectroscopy
2.1.1. Methodology

Because of changes in the electron distribution appearing upon complexation, and
resulting changes in vibrational frequencies, vibrational spectroscopy in combination with
matrix-isolation is a much-used technique for the study of weakly bound molecular com-
plexes. While it cannot compete with the precision and structural definition of gas-phase
studies, matrix isolation combined with IR and/or Raman spectroscopy thus provides
valuable and often unique information complementary to that derived from gas-phase
experiments. Unfortunately, because solid matrices are not in thermodynamic equilibrium,
no direct information about the relative stability of the species can be deduced. This short-
coming can be avoided by studying the complexes in cryogenic solutions [64-66]. Apart
from the relatively low temperatures used during these experiments and the weak solute—
solvent interactions present, a major advantage of these cryosolutions is their transparency
in a broad spectral interval, ranging from the far-IR to the ultraviolet. As the solutions in
general are in thermodynamic equilibrium and often provide the possibility of studying
the complexes over a broad temperature range and under equilibrium conditions, they
can, in principle, also be used to obtain information about their stoichiometry, their relative
stability and, to some extent, even their angular geometry.

During the past two decades, experimental studies in mixed solutions of appropriate
Lewis bases and acids in liquid rare gases were investigated using infrared and /or Raman
spectroscopy. These have led to a wealth of information on weakly bound molecular
complexes involving, among others, the Lewis acids HX (X = F, Cl, Br, and I), BF3, and
BCl3. Solutions in liquefied inert gases have also proven to be an ideal medium to study
the spectroscopic and thermodynamic properties of molecular complexes held together by
weak red- or blue-shifting C-H-:--X hydrogen bonds or weak and medium-strong C—X:--Y
(withX=1,Br,Cland Y =O, N, S, E, Cl, 7T, and so on) halogen bonds. The experimental
setups for the infrared and Raman studies of cryosolutions and general methodologies used
to characterize these molecular complexes observed have been reviewed in depth [64-67],
and will thus not be discussed in detail here.

Triggered by the original work of Klemperer and co-workers, [45] cryosolutions have
also been used to characterize the 1:1 complex formed between dimethyl ether and CO5.
In the original study by Van Ginderen et al., the 1:1 complex was studied experimentally
in solutions in liquid argon (LAr), using infrared spectroscopy, and theoretically, using
ab initio calculations at the MP2/6-311++G(d,p) level [68]. The complex was found to be
formed through the interaction of the dimethyl ether oxygen atom with the CO, carbon
atom, with the observed vibrational bands being in good agreement with the theoretically
predicted vibrational frequencies. In addition, the standard complexation enthalpy of the
complex in LAr was determined from a temperature-dependent study of the spectra and
was found to be —8.0(3) k] mol .

It should be stressed that, although the complexes of dimethyl ether with 2CO,
and 13CO, reported in the previously mentioned studies can now be identified as tetrel
bonded complexes, this idea was not pursued in the earlier studies. Realizing the renewed
interest in tetrel, pnictogen, and chalcogen bonded interactions, in this study, we expand
the available experimental data on tetrel bonded complexes by adding cryospectroscopic
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data for the complexes of CO, with trimethyl amine, which is generally accepted to be a
stronger Lewis base than dimethyl ether. In addition, to shed further light on the nature of
pnictogen and chalcogen bonding, and the competition of the latter with tetrel bonding,
for both dimethyl ether and trimethyl amine, additional studies on the complexes formed
with nitrous oxide, N,O, carbon disulfide, CS,, and carbonyl sulfide, OCS, were initiated,
as stated in the Introduction. For both N,O and OCS, complexes could indeed be identified
and fully characterized. Unfortunately, owing to the limited solubility of CS; in liquid rare
gases, no experimental data on its complexes with dimethyl ether or trimethyl amine could
be derived.

Before discussing the actual results in Sections 3.1 and 4, it is worth noting that the
cryosolutions typically create a weakly interacting environment that, when combined with
the low temperatures used, leads to small band widths. This is of utmost importance in this
study, where owing to the weakness of some of the complexes studied, new bands are often
only slightly shifted from the corresponding monomer bands and complex and monomer
bands often show considerable overlap. To separate the contributions from the monomers
and complex, subtraction techniques are thus required, in which spectra of the monomer
solutions, recorded at similar concentrations and at identical temperatures, are rescaled and
subtracted from the spectra of the mixture. Using subtracting procedures, the band areas of
the monomer and complex bands can be accurately determined using a simple numerical
integration, so that the inaccuracies inherently connected to resolving strongly overlapping
bands with least square band fitting procedures can be avoided. This result is important,
as accurate band areas of monomer and of complex bands are required in confirming the
stoichiometry of the complex and in determining the standard complexation enthalpy.
In some cases, the use of subtraction procedures also allows weak spectral features not
immediately visible in the original spectra to be identified.

The standard complexation enthalpies in liquid argon are traditionally derived from
temperature studies in which spectra of a solution are recorded at a variety of tempera-
tures, and in which the resulting band areas of monomer and complex bands of different
solutions are analyzed using the Van 't Hoff relation. The key element of this analysis
is the approximation that, in limited temperature intervals, the standard complexation
enthalpies and the corresponding values for the complexation entropies are independent of
temperature. For traditional solvents, the complexation enthalpy AHY for a complex Ay, By,
can be obtained by plotting the logarithm of the intensity ratio of complex and monomer
intensities versus the inverted temperature, 1/T, with the relation between both quantities,
derived from the Van 't Hoff isochore, being given as follows:

+ ¢t 1)

1| Tan, | _ AH
Iy x I RT

This approach is valid when the temperature variation of the spectral intensities is
fully accounted for by the shift in the chemical equilibrium as a consequence of a change
in temperature. For cryo-solutions such as solutions in liquid rare gases, this condition
is not fulfilled, because of the pronounced variation in liquid density of these solvents
over the available temperature interval. Therefore, additional corrections are required [67].
Although solutions in liquefied rare gases were originally described as a pseudo-gas
phase, it is now generally accepted that, in the cryo-solutions, significant solute—solvent
interactions can occur. These interactions not only influence the frequencies of monomers
and complexes, but also perturb the relative stability of the complexes studied. The
experimental values derived from cryo-solutions should thus not be directly compared
with ab initio complexation energies or vapor phase complexation enthalpies. To correct
for solvent effects, and to obtain a vapor phase complexation enthalpy, for all species
involved, the solvation processes in liquid rare gases were simulated using Monte Carlo-
based free energy perturbation calculations using the same procedures as those described
before [64—66].
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To support the experimental measurements, harmonic vibrational frequencies and infrared
intensities of monomers and complexes were obtained from MP2/6-311++G(d,p) ab initio
calculations [68], using Gaussian 09 [69]. During all calculations, corrections for the basis set
superposition error (BSSE) [70] were accounted for explicitly using Counterpoise-corrected
gradient techniques [71,72]. The resulting values are summarized in Tables S10-S17 of the ESL

2.1.2. Experimental Details

All samples were purchased from Sigma-Aldrich (Sigma-Aldrich, Bornem, Belgium).
The samples were transferred into glass sample tubes and degassed using a freeze-thaw
cycle procedure. The solvent gas argon was supplied by Air Liquide and had a stated
purity of 99.9999% (Air Liquide, Herenthout, Belgium).

The IR spectra were recorded on a Bruker 66v FTIR spectrometer, equipped with a Glo-
bar source, a Ge/KBr beam splitter, and MCT detector (Bruker Optics, Ettlingen, Germany).
Measurements were conducted in cells equipped with Si windows and a path length of 10
mm to obtain spectra between 4500 cm ! and 450 cm~!. All interferograms were averaged
over 500 scans, Blackman—-Harris three-term apodized, and Fourier transformed to yield
spectra with a resolution of 0.5 cm~!. Estimated mole fractions of the solutions varied
between 1 x 1072 and 1 x 1073 for the Lewis bases DME and TMA and between 1 x 10~°
and 8 x 10~* for the Lewis acids 2CO,, 13CO,, N,O, and OCS. As the experimental setups
do not allow for verification of full solubility of the compounds, or verification of the fluid
level in the filling tube [64—66], exact concentrations are not known.

2.2. Theory and Computational Details

Ab initio calculations using Gaussian 16 [73] were carried out to determine, on the
one hand, the stability of the aforementioned complexes and, on the other hand, properties
relevant to this study such as the dipole and quadrupole moments and the molecular
electrostatic potential. Equilibrium geometries and harmonic vibrational frequencies for
monomers and complexes were obtained using the full MP2/aug-cc-pVTZ level of the-
ory [74,75]. The vibrational analyses showed that the optimized structures are exclusively
characterized by positive eigenvalues, and thus represent minima on the potential energy
surface. Refined electronic energies were determined for the CCSD(T) method by extrap-
olating the coupled-cluster energies to an asymptotically complete basis set (CBS). More
specifically, the three-point extension of the Schwartz extrapolation formula [76,77]:

B C

Ecorr I)= Ecorr + +
0 It Tt T Uy

@

was employed to retrieve the correlation energy at the CBS limit, together with the Feller
three-point extrapolation of the Hartree-Fock energies [78,79]:

Epp(l) = Epp(co) + Ae™ B! 3)

with Egr(co) also written as F(o0) and the cardinal / number equal to 2, 3, 4, 5, and so on
when X =D, T, Q, 5, and so on using the cc-pVXZ basis set. In this work, the employed
Feller and Schwartz extrapolation procedures are made of data obtained using the cc-pVDZ,
cc-pVTZ, and cc-pVQZ basis sets [74]. The CCSD(T) energy in the limit of an asymptotically
CBS, Sccspt), can then be calculated as follows:

Scesp(r)(00) = Enp(00) + Ecorr(00) 4)

Besides the wavefunction methods, a small-scale benchmark on the experimental
complexation energies using a variety of DFT functionals was performed. Basis set su-
perposition error (BSSE) [70] was accounted for using the Counterpoise correction [71,72].
The full benchmark results are collected in ESI, Table S3, and demonstrate the excellent
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performance of M06-2X/cc-pVTZ [74,75,80], with Grimme’s D3 dispersion correction [81]
added, for our set of non-covalent interaction energies.

Finally, Ziegler-Rauk-type energy decomposition analyses (EDA) [53,54], together
with the natural orbital for chemical valence (NOCV) approach [61-63], were applied
to all investigated complexes to shed light on which stabilizing energy terms dominate
the interaction energies and whether charge transfer is a contributing factor. The PBEO
hybrid functional [82] in combination with the TZ2P (small core) basis set and Grimme's
D3 method with Becke-Johnson damping [83], as implemented in ADF2020 [84,85], was
selected as the level of theory. Relativistic effects were included via the zeroth-order
regular approximation (ZORA) [86,87]. The complexation energy is first subdivided into
a strain term, i.e., the deformation energy needed for the isolated monomers to adopt
their geometry in the complex, and the interaction energy between the fragments in the
complex. The interaction energy can then be further decomposed into a destabilizing term;
the Pauli repulsion caused by the repulsive interactions between occupied orbitals; and
three stabilizing terms, the classical electrostatic interactions between the charge densities
of the two monomers, the orbital interactions accounting for electron pair bonding, charge
transfer and polarization, and a dispersion term representing the van der Waals interactions
between the two fragments:

AEint = AEpgyii + AVeist + AEq; + Edisp &)

Additional insight into the specific orbital interactions in the complex can be obtained
through NOCVs, defined as the eigenvectors that diagonalize the deformation density Ap(r).
The ETS-NOCYV approach allows for a breakdown and visualization of the reorganization
of the charge distribution between the monomers upon complexation.

3. Results
3.1. Infrared Spectroscopy

Typical results obtained for solutions in liquid argon containing mixtures of trimethyl
amine and 2CO, or >CO; are collected in Figure 1. In panels A and B, the spectral features
illustrating the effect of complexation on the originally degenerated v, bending vibrations
in 12CO, or 13CO,, respectively, are summarized, showing the lifting of the degeneracy with
concomitant blue and red shifts. Spectral features illustrating the effect of complexation
on the v3 antisymmetric stretching vibration in 2CO, are given in panel C. The estimated
mole fractions used for panels A to C are 4 x 107* for TMA and 4 x 10~ for 12CO,
and 3CO,. For those panels, spectra were recorded at different temperatures between
93 and 113 K, with the spectra obtained at the lowest and highest temperatures being
shown in the upper and lower trace, respectively. Panel D shows the results of a spectral
decomposition analysis for the v¢ region of TMA obtained for a mixed solution containing
approximate mole fractions of 3 x 107> for TMA and 6 x 10~® for CO,. The original
spectrum recorded at 97 K is shown in the upper trace. The middle and bottom trace refer
to the rescaled spectrum of monomer TMA recorded at the same temperature, and to the
difference spectrum showing the contributions of the complex with CO,, respectively. As
before, solutions are recorded at different temperatures between 93 and 113 K, and spectra
are shown with increasing temperature.
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Figure 1. Spectral data obtained for solutions in liquid argon-containing mixtures of trimethyl amine
with 12CO, or 13CO, More details can be found in the text.

Characteristic features obtained for solutions in liquid argon-containing dimethyl or
trimethyl amine and N,O are reported in Figure 2. The upper panels refer to the v¢ spectral
region of DME and TMA, respectively. The middle and bottom panels show the results for
the v, bending vibration and the v3 antisymmetric stretching mode, respectively. For each
panel, the original spectrum recorded at 97 K is shown in the upper trace. The middle and
bottom trace refer to the rescaled spectrum of monomer DME or TMA recorded at the same
temperature and to the difference spectrum showing the contributions of the complex with
N,O, respectively. For both Lewis bases, a blue shift is observed for the v3 antisymmetric
stretching mode. In addition, the degeneracy of the v, bending vibration in N,O is lifted,
with two new bands due to the modes in the complexes appearing blue and red shifted
from the monomer frequency. The estimated mole fractions used for the spectra in the
upper panels are 6 x 10~% for TMA or DME and 5 x 10~ for N,O, whereas those used for
the spectra in the bottom panels are 4 x 10~% for TMA, 5 x 10~ for DME and 3 x 10>
for N7O. The dotted lines shown in the middle and bottom panels are used to mark the
spectral regions for which the original spectra are perturbed by the non-linearity of the
MCT detector and for which no reliable data for the complex can thus be derived.
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Figure 2. Spectral decomposition analyses obtained for the spectra of solutions in LAr-containing
mixture of N,O and dimethyl ether (left) and of N,O and trimethyl amine (right). More details can
be found in the text.

Spectral data for the complexes of dimethyl ether and OCS, allowing the nature of
the complex to be identified as tetrel bonded, are summarized in Figure 3. The top panel
displays the experimental spectra showing the v, OCS bending vibration for a mixed
solution containing dimethyl ether and OCS and that for a solution containing only OCS.
The estimated mole fractions are 1 x 1072 for DME and 1 x 10~* for OCS. To allow the
complex to be identified as tetrel bonded, in the lower panel, the calculated frequencies
for the OCS monomer and for the tetrel and chalcogen bonded isomers of the 1:1 complex
are compared. In agreement with the results for CO; and N;O, for OCS, the degeneracy
of the v, bending vibration is also lifted, with one component being blue shifted from
the monomer and the other one being red shifted. These trends are in line with the
computed predictions for the tetrel bonded complex, but contrast with those obtained for
the chalcogen bonded isomer. This proves that, in solutions, only the tetrel bonded isomer
of the complex is formed.
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Figure 3. Typical spectra obtained for solutions in LAr at 123 K containing mixtures of OCS and

dimethyl ether. More details can be found in the text.

Calcualted shift / cm”'

Calculated shift / cm”'

The observed experimental frequencies for the monomers and for the complexes, their
assignment, and the complexation shifts deduced are summarized in Tables S4-S9 in the
ESI. Calculated harmonic frequencies and intensities with the frequency shifts are given
in Tables S10-517 of the ESI. The scatter plots of experimentally observed and calculated
complexation shifts in Figures 4 and 5 allow for the identification of the nature of the
observed complexes.

(CH3)3sN-CO, tetrel

20

25

i & 1 1 1 1 1 1 1

Calculated shift / cm”'

-3% -30 -26 -20 -15 -10 -5 0

Experimental shift/cm”
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T T T T T

o
1 1 1 1 1

Calculated shift / cm™'

-15 -10 -5 0 5

Experimental shift/cm”

(CH;);sN—=N,0

T

(CH4);N-0CS

Figure 4. Scatter plot showing the most important (v, OCS, v4¢ TMA, and so on) experimentally

observed complexation shifts with TMA and the calculated values derived from the ab initio harmonic

vibrational frequencies. The solid line represents the linear regression line.
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(CH5),0-N,0 pnicogen

(CH5),0—-0CS tetrel

(CH;),0-0CS chalcogen

Calculated shift / cm™
o

T

|
Theoretical shift/ cm™
o
T
|

Theoretical shift / cm™

Experimental shift /cm™'

Experimental shift/cm™ Experimental shift /em™

Figure 5. Scatter plot showing the experimentally observed complexation shifts with DME and the calculated values derived

from the ab initio harmonic vibrational frequencies. The solid line represents the linear regression line.

For correct assignments, the linear regression line, correlating the experimental ob-
servations with the computed complexation shifts, should have a slope close to one and
should cross, within error margins, the origin of the chosen coordinate system. A good
correlation is found for the N---C tetrel and N---N pnictogen bonded complexes between
TMA and CO; or OCS and TMA and N,O, respectively. In contrast, for the complex of
TMA with OCS, little or no correlation is observed when the calculated values for the N---S
chalcogen bonded isomer are used. These findings are confirmed by the scatter plots for
DME as Lewis base in the complexes with N,O and SCO (Figure 5).

To summarize, mainly the observed lifting of the degeneracy of the CO,, N,O, and
OCS v; bending mode, with concomitant blue and red shift, as well as the shift of the v3
antisymmetric stretching of CO, and N,O and the v¢ (CO/CN) stretching frequency shifts
of DME and TMA in bonds close to the lone pair(s) carrying O and N atoms of the bases,
lead to the unambiguous assignment of the bonding pattern in all complexes, both with
DME and TMA, as perpendicular (tetrel or pnictogen), and strongly indicate the absence of
a chalcogen complexation in, e.g., OCS.

Lastly, experimentally derived vapor phase complexation energies are determined for
six of the complexes, being the tetrel bonds between CO,/OCS and DME/TMA and the
pnictogen bonds between N>O and both Lewis bases. The Van 't Hoff plots for the various
complexes are given in Figure 6. The resulting complexation enthalpies for liquid argon,
AH? , ,in Table 1 are obtained by calculating the corresponding regression lines and cor-
recting the slopes for changes in liquid density. The vapor phase complexation enthalpies,
AHS,ZPD,, are derived by correcting the solution phase data for solvent effects, using data
from free-energy perturbation-based Monte Carlo simulations [88]. Finally, corrections
for the vapor phase complexation enthalpies using rigid rotor/harmonic oscillator based
statistical thermodynamical models yield the vapor phase complexation energies, AE,y.
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Figure 6. Van 't Hoff plots for determining the complexation enthalpies for the various

complexes observed.

Table 1. Solution and vapor phase complexation enthalpies and complexation energies, in kJ mol 1, derived for the different
studied complexes with dimethyl ether (DME) and trimethyl amine (TMA). For completeness, the values for the complex of
dimethyl ether with CO;, already reported in [59,60], are also given 2.

Lewis Base Lewis Acid Bond Type AHY,. AHY 00 AEcy,
DME Co, tetrel ~8.003) —14.4(@8) —16.6(8)
DME N,O pnictogen —8.0(15) —13.0(17) —15.3(17)
DME 0Cs tetrel —6.5(11) “11.7(12) ~13.6(12)
T™MA CO, tetrel ~11.2(3) ~17.7(8) ~19.8(8)
TMA N,O pnictogen —5.5(8) —8.3(11) —10.3(11)
T™MA 0Cs tetrel —42(3) —12.4(9) ~14.1(9)

2 For the complexes of trimethyl amine with CO,, Van 't Hoff plots were obtained for both 12CO, and 13CO,. The values reported are the
weighted average of the data for both isotopomers.

The order of magnitude of the experimental values is in line with what could be
expected on the basis of previous experimental work for halogen bonds for which a variety
of data exists [23-34] (vide supra), and for chalcogen bonds where only a single experiment
was carried out [41]. Moreover, these values are also consistent with computational data for
which much more material is available in the literature and whose trends (see, for example,
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Scheiner’s review [51]) at first glance largely parallel the observed tendencies for cases
showing a variety in terms of type of bond (tetrel, pnictogen, and chalcogen) and geometry
(end-on and perpendicular). Its detailed discussion will be given in Section 4. Note that all
this should be viewed in the context of the low stability values (at most, 20 k] mol '), with
experimental errors based on the standard deviation on the slope of the regression lines
varying between 0.4 and 1.5 k] mol 1.

3.2. Ab Initio and DFA-Based Complexation Energies

Table 2 lists the complexation energies at 0 K and excluding the zero-point energy for
all eight complexes computed with (1) BSSE-corrected MP2/aug-cc-pVTZ, i.e., the level of
theory selected for the geometry optimizations; (2) CCSD(T) at the complete basis set limit
(CBS); and (3) the best-performing DFT functional M06-2X-D3/cc-pVTZ, from a benchmark
study reported in the ESI (Table S3). Figure 7 depicts the linear correlation between the
experimental and theoretical complexation energies, with CCSD(T)/CBS shown on the
left and M06-2X-D3/cc-pVTZ on the right. Note that the N,O---TMA complex could be
considered as an outlier. In view of the low number of data points and the experimental
error (Table 1), we report the statistics both with and without inclusion of this point.

Table 2. Theoretical complexation energies and comparison with experimental complexation energies, given in k] mol~'. MUE = mean
unsigned error. RMSE = root mean square error. MAX = maximal error.

Complex Bond Type AEeyp MP2/aug-cc-pVTZ 2 CCSD(T)/CBS P M06-2X-D3/cc-pVTZ 2
DME-:--CO, tetrel -16.7 —15.3 -17.1 —18.0
DME---N,O pnictogen -15.3 —14.6 -13.4 —13.6
DME.--OCS tetrel —13.6 —-11.2 —12.1 -11.9
DME.---OCS chalcogen - -10.3 -10.4 -9.0
TMA.---CO, tetrel -19.9 —16.9 -17.7 -19.9
TMA---N,O pnictogen —-10.3 —15.2 —133 —149
TMA.--OCS tetrel —14.2 —13.9 -129 —145
TMA.--OCS chalcogen - —13.6 -129 —-12.2

MUE ¢ 21(1.5) 1.7 (1.5) 1.6 (1.0)
RMSE ¢ 2.6 (1.8) 1.9 (1.6) 22(1.2)
MAX ¢ 49 (3.0) 3.0(2.2) 4.6 (1.7)

2 For the MP2/aug-ccc-pVTZ and M06-2X-D3/ cc-pVTZ complexation energies, BSSE is corrected using the Counterpoise method. ® The
CCSD(T) energies are extrapolated to the complete basis set limit using the FPA-QZ method (see ESI, Tables S1 and S2). © The data for the
pnictogen bonding complex TMA---N,O are not included in the error statistics in parentheses.

In summary, it can be stated that the agreement between the theoretical and experimental
values is good to excellent, both at the CCSD(T)/CBS wave function “golden standard” and
with DFT using the M06-2X-D3 functional, with mean unsigned errors of 2.1 and 1.6 k] mol !,
or 1.5 and 1.0 k] mol !, respectively, when discarding the N,O:-- TMA complex and correlation
coefficients of 0.85 and 0.87, again excluding the N,O---TMA complex. Remarkably, the perfor-
mance of the Counterpoise-corrected MP2 /aug-cc-pVTZ method is similar to the CCSD(T)/CBS
level of theory, and the M06-2X-D3 density functional approximation (DFA) performs even
better than the CCSD(T) level. However, this is not the case for all DFAs, as witnessed from
the small benchmark study in the ESI (Table S3). Using other dispersion-corrected and/or
range-separated functionals results in errors that are three- to even sixfold that of M06-2X-D3.
Nonetheless, adding dispersion is vital for treating non-covalent interactions, as many liter-
ature studies on the topic have already dictated and as confirmed by the poor results of the
PBEO/cc-pVTZ method.
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Figure 7. Correlation between theoretical and experimental complexation energies. Left: CCSD(T)/CBS. Right: M06-2X-
D3/cc-pVTZ. The dashed line represents the linear regression line. Pnictogen complex N,O + TMA is excluded from the
linear regression analysis. The linear regression for all six complexes results in R? values of 0.61 for CCSD(T) and 0.51 for

MO06-2X levels of theory.

Note also in this discussion that one treats energetics below the overall accepted
1 kcal mol~! limit of chemical accuracy and that, taking into account the experimental
errors, the overall agreement, i.e., including the N,O---TMA complex, can be considered as
very good. These data, therefore, can be considered to form a sound basis to have an in-
depth discussion on their variation throughout the complete series for which, consistently,
the theoretical values will be selected in view of the absence of two experimental data.

4. Discussion
4.1. The Quadrupole-Dipole Model

As stated above, we initiate the discussion based on electrostatic arguments using the
dipole and quadrupole moments of the interacting species. Table 3 shows the comparison
between the experimental values and the theoretical dipole and quadrupole values obtained
at the MP2/aug-cc-pVTZ level of theory. Note that, in the case of non-zero dipole moment
molecules, the quadrupole moment data refer to center-of-mass values.

Table 3. Theoretical (MP2/aug-cc-pVTZ) and experimental dipole (1) and quadrupole (Q) moments
(values in Debye for the dipole moment (1 a.u. = 2.541D) and 1072 esu cm? for the quadrupole
moment (1 a.u. = 1.346 x 10726 esu cm?)) for the Lewis acids and bases used in this study.

M H Q
onomer
Calculated Experimental Calculated Experimental

TMA 0.664 0.612 [89]
DME 1.345 1.30 [89]
CO, 0 0 —4.14 —4.28[90]
CS, 0 0 +3.18 +3.45[91]
CSe; 0 0 +5.00 -
N,O 0.172 0.167 2 [89] -3.61 —3.30 [92]
0Cs 0.710 0.715 b [93] —0.77 —0.78 [94]

2 Pointing from N to O. ® Pointing from O to S.

Table 3 shows that the agreement between theoretical and experimental values is
excellent both in sign and magnitude. Therefore, in the following discussion, where mostly
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trends and signs are at stake, no particular preference for experimental or theoretical values
exists as long as they are used consistently.

Returning now to the sequence of experimental stability data, parallel with and completed
by the theoretical data in Table 2, the most stable complexes turn out to be the CO, ones
(DME:---CO, and TMA---CO,), for which the smallest Lewis acid-Lewis base distances are
registered (see Table 4). More importantly, in each case, a perpendicular geometry was observed
(T shape), in line with the early experimental data by Newby on the DME.---CO, complex [47]
and the above-mentioned 1984 study by Klemperer et al. [45] on a simpler congener of the
TMA.--CO, complex, the NH3---CO, complex, without, however, yet referring to a tetrel
complex. These complexes are similar in nature to the observed OCS tetrel complexes and
the pnictogen complexes of N;O, all having a T shape geometry. The theoretical calculations
corroborate these observations, with only minor deviations from the perpendicular geometry
with angles ranging between 85° and 92°, as listed in Table 4.

Table 4. MP2/aug-cc-pVTZ) geometrical parameters to determine the shape (« for T shape, 3 for
quasi-end-on, in °) and the Lewis acid-Lewis base non-covalent bond distance (das...5, da3...p in A).

with DME
\Qf 6 (\)
a A2:-:0 B s
A=L A=A, A1=A2:F\A3~" > (with: )
das---0
dpo...g the distance between A, and B
=0orN
with TMA a angle between A;, A, and O or N
//Nj 8 \N:S \[5 angle between Ay Az and O or N )
o A2---N .
A=£ A =Aq A1:A2:f-\A3"" AN
dag---N
Complex ]_i_;gg 1;;(;: das.p « das.B B
A1=0,A;
DME.--CO, tetrel =C, A3 = 2.61 91.3 - -
O,B=0
A1=N, A,
DME-:--NoO  pnictogen =N, Az = 2.69 92.1 - -
O,B=0
A1=0,A;
DME---OCS tetrel =C, Az = 2.75 85.2 - -
S5,B=0
A1=0,A
DME.:--OCS chalcogen =C,Aj3= - - 2.92 170.9
S5,B=0
A1 =0, A,
TMA.---CO, tetrel =C, Az = 2.66 92.3 - -
O,B=N
A =N, A,
TMA---N,O  pnictogen =N, A3 = 2.82 924 - -
O,B=N
A1 =0, A,
TMA---OCS tetrel =C,Az= 2.81 86.9 - -
S,B=N
A1 =0, A,
TMA---OCS  chalcogen =C, Az = - - 293 170.2
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The origin of this shape can be traced back to the quadrupole-dipole nature of these
complexes. Indeed, concentrating first on the CO, complexes, in the absence of a dipole
moment of this Lewis acid, the dipole-dipole interaction between Lewis acid and Lewis
base is absent and, therefore, the interaction between this molecule and the Lewis bases
(TMA and DME) can be described by an interaction between the quadrupole of CO;, and
the dipole of the Lewis base (where, for the sake of simplicity, the N lone pair moment
or the resultant of the O lone pairs moment can be considered as being representative for
it). Going back to Buckingham'’s masterly theoretical treatises in [48,49], more particularly,
Equation (23) of [48] or Equation (1.157) in [49], the electrostatic interaction energy between
two charge distributions is decomposed, as given below in Equation (6):

AEp ~ §mga  +a2 (0112, 02m) + 75 [f (1102, 3201) + o]

6
el (192, 201) + f (1192, 1201)] + 35¢/0102 + .. ©

with g being the charge, ~ being the dipole moment, m being the quadrupole moment,
and mbeing the octopole moment, and where the f functions also depend on geometrical
parameters. For the Lewis base---CO, complex, with the Lewis base denoted as charge
distribution 1 and CO, as charge distribution 2, this equation reduces to the following:

1, 1
AEqjy =~ ﬁc n10;7 + ﬁd®1®2 +... (7)

The resultant R™* interaction displays a proportionality to the magnitude of the dipole
moment of the Lewis base and the quadrupole moment of the Lewis acid of the interacting
systems. This product is multiplied by a geometrical factor (¢’ in Equation (7)), whose
analysis leads to the conclusion that the most stable configurations are [48], in the case
of a negative Q (denoted as m by Buckingham) value, either the perpendicular T shape
geometry or an end-on geometry as in the chalcogen bond, in which, however, the dipole
orientation should be reverted, evidently yielding in our case a less stable situation.

The sign of Q is thus of fundamental importance and already indicates that, for a given
constant p value (so either considering DME or TMA), the more negative Q value should be
accompanied by a higher stability of the complex, as is indeed found when comparing the
stability of the tetrel CO, complexes (Q = —4.28) to that of the OCS complexes (Q = —0.78).
Interestingly, although the complexes of N,O are different in the nature of the central
atom of the Lewis acid (N vs. C, so pnictogen versus tetrel bonding), they can in the
case of these m-hole bonding interactions (vide infra) be treated in a similar way. On the
basis of the Q value for N,O (—3.30), an intermediate stability for these complexes is
expected, as indeed turns out to be the case. For N;O, the perpendicular arrangement of
the two complexes DME---N,O and TMA:--N;O is in agreement with that of their simpler
congeners NHj3---N,O and HyO---NO concluded in early work by Klemperer [95,96]. In
the last two cases (N,O and OCS), it should be remarked that both molecules do have a
non-zero dipole moment, but that the perpendicular orientation in the complexes of the
Lewis acid and Lewis base dipole moment reduces the dipole—dipole interaction energy to
zero, as can be seen from an analysis of the geometrical factor in the R=3 interaction term
between two permanent dipole moments at a fixed geometry [48,49] (the well-known R~®
dependence showing up only after Boltzmann averaging). Passing to positive Q values, as
in CS; and CSe; (Table 3), is expected to yield no stable tetrel complex, as the interaction
energy would then turn out to be positive. A recent microwave study on the complex
between CS; and NH3 by Legon et al. indeed yielded evidence for a chalcogen bond with
an end-on geometry without any indication of the existence of a tetrel bond [97]. The
quadrupole moments for higher chalcogen analogues of CO,, of the type CBB’ (B, B' =0, S,
Se, and Te) as calculated in [98] at CCSD(T) level and in the present work, invariably are
positive preventing further possibilities of tetrel bonding in T shape complexes, with the
only exception being OCS, its “lowest” analogue.
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Focusing on the difference between the interaction energies for DME and TMA in the
T shape complexes, it should be remarked that the difference in their dipole moments is
not reflected in the interaction energies and that, at first sight, remarkably, the interaction
energies with TMA are comparable and sometimes even undeniably higher than with DME,
which is opposite to their outspoken dipole moment sequence. The same observation was
made for the halogen bonding of both Lewis bases with CH,FI and CHF;I (see [32]). This
observation has to be placed next to the well-known fact [99] that amines are stronger bases
than ethers and that, in this context, the charge-transfer contribution to the interaction
energy plays an extra role when discussing the difference in interaction energies between
TMA and DME (vide infra in the EDA and NOCYV analysis).

Coming back to the OCS case, the combined results for a chalcogen and a tetrel bond
indicate, depending on the theoretical method used, a stronger interaction for the tetrel
bond (with TMA and DME) for the M06-2X-D3 functional (and the benchmark functionals
wB97X-D, B97X-D, and M11), or a similar interaction (in the case of TMA) for the MP2 and
CCSD(T) methods (and the benchmark functional PBE0-D3BJ). Experimentally, only the
tetrel bonded complexes were detected (vide supra). This finding has to be confronted with
the overall conclusion by Scheiner in his analysis of the relative strengths of the H-bond
analogues, pointing to a chalcogen bond as being stronger than a pnictogen and tetrel bond,
which are of comparable strength [51]. However, this analysis is based on Lewis acids of
the type HBr, H,S, H3As, and HyGe, where substitution of H by F or methyl sometimes
influences the sequences, but where the essential point is that these are all o-complexes.
The tetrel and pnictogen complexes considered in the present work are m-complexes,
exploiting the 7-hole (vide infra). Possible steric hindrance when exploiting the o-hole is
largely avoided in the perpendicular T shape geometry. The experimental observations
in this study are also not in agreement with a recent publication by Legon et al. [100],
in which the authors reported for the simpler congener of the TMA.--OCS complex, i.e.,
the OCS.--NHj; complex, a symmetric top structure pointing to a chalcogen bond at the S
atom. On the other hand, Alkorta et al. [101] made an extensive computational study on
chalcogen and tetrel bonds between OCS and different nitrogen bases (with sp! and sp?
hybridized N atoms) in which the preference for chalcogen or tetrel bonds varies from case
to case, probably depending on secondary factors. OCS complexes with para-substituted
pyridines were extensively studied by Chandra, Zeegers-Huyskens et al., showing very
similar interaction ranges for the two types of bonds [102].

All in all, in the case of OCS with its low quadrupole moment, there seems to be
competition between the two types of bonding, where, probably, sometimes a delicate
equilibrium is established. The experimental data in our study, however, unambiguously
point to a tetrel complex, without indication of a chalcogen complex. This absence in
the experimental observations (on the basis of enthalpy and energy considerations) of an
at first sight perfectly feasible complex was also noticed in previous experimental work
by the Antwerp group in the case of the competition between halogen and hydrogen
bonding [32,34]. This phenomenon could tentatively be assigned to effects of the entropy
of solvation, which are different in the two complexes, certainly in the present case owing
to their fundamentally different geometries.

Finally, note that, despite its much smaller quadrupole moment compared with N,O,
the tetrel bond in OCS is only slightly weaker than the pnictogen bond of N>O. It could be
that the appreciably larger dipole moment of OCS, as compared with the near-zero value
of N0, is involved in a dipole—quadrupole interaction with now the quadrupole of the
base, leading to an overall similar electrostatic interaction present in both complexes (see
also the EDA analysis in Section 4.3).

4.2. Molecular Electrostatic Potential

The foregoing discussion has been focusing on classical electrostatic arguments and it
should obviously be coupled to the ansatz that is now mostly found in the discussion of
the strength and structure of H-bond congeners, which is purely quantum-chemical and
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in which the concept of o-and 7-holes [16-19,37,103] stands central. These concepts were
introduced and later on quantified by Politzer and coworkers and, in this endeavor, the
detailed consideration of the molecular electrostatic potential (MEP) surface, both qualita-
tively and quantitatively, played an elusive role [16-19]. Moreover, the consideration of the
importance of the MEP is a first, rough, approach for estimating the role of electrostatic
effects upon complexation and the study of the energy decomposition analysis afterwards
will be used to judge the adequateness of this line of reasoning.

In Figure 8, we depict the MEP for CO,, CS;, CSe;, N>O, and OCS. Although MEP
plots for these molecules have already been published [56,97,100], we preferred to recal-
culate all of them at the same level of theory, also providing the opportunity for a unique
visualization. For CO,, CS;, N»O, and OCS, the overall shape is in agreement with the
literature data. To put it now in a more quantitative context using the Vs max values, the
series COy, NoO, OCS, CS,, and CSe; shows a decreasing value of this Vs max for the 7-hole,
which is very strong in CO,, promoting a tetrel-bond and with absence of a o- hole, thus
preventing a chalcogen bond, and then slightly decreases via N;O, where the o-hole is
still absent, to OCS, where the Vg max for the o-hole is slightly higher than for the m-hole
(see also [102]). These last findings are in agreement with the elusive tetrel bonding for
N,O and the discussion above for SCO, where the small difference in Vs max might be
compatible with an equilibrium tetrel-chalcogen bond, where secondary effects shift it to
the tetrel side, preventing the experimental detection of the chalcogen bond. In line with
the quadrupole moment considerations in the previous section, the Vs max value for the
m-hole in CS, further decreases and eliminates tetrel bonding as compared with chalcogen
bonding, in line with the aforementioned recent experimental microwave studies by Legon
et al. on the CS;---NHj3 complex displaying a geometry in line with a chalcogen bond [97]
and an extensive series of quantum-chemical calculations on CS, complexes, all pointing
to chalcogen bonds [57]. Moving on to CSey, the tetrel-bond forming capacity obviously
further reduces in line with the increasing positive value of the quadrupole moment.

Finally, it should be noticed that the MEP surfaces for the Lewis bases (TMA and
DME) show similar Vg min values, which agrees with the overall small interaction energy
differences between these two, as discussed above.
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Figure 8. MEP contours, computed with MP2/aug-cc-pVTZ, for the Lewis acids and bases considered.
Identical isovalues (p(r) = 0.01 a.u.) were chosen for all systems. Color-code: red indicates negative
charge density and blue indicates positive charge density. Vs max (for the acids) and Vg min (for the
bases) values are indicated, in the former case both for the 7-hole and the o-hole (if present). All
values in kcal mol 1.

4.3. Energy Decomposition Analysis

We continue our discussion with a quantum-mechanical energy decomposition analy-
sis (EDA) of the Lewis acid-Lewis base interaction energy to ascertain that electrostatics
is indeed the most dominant interaction component, thereby substantiating our argu-
mentation of the classical quadrupole-dipole model. The EDA was carried out using
PBEO0-D3B]J, in combination with the TZ2P basis set specific to the ADF software, instead
of the better performing M06-2X-D3 functional, as the (almost) non-empirical PBEO is
dispersion-correction free (see benchmark in ESI, Table S3), a key characteristic when
applying the energy decomposition. Despite the overall larger deviations from the ex-
perimentally determined complexation energies compared with M06-2X-D3, PBE0-D3B]
correlates very well with the experimental values, with an R2 value of 0.88, again excluding
the TMA---N,O complex, which is even slightly better than for M06-2X-D3 and CCSD(T).
The correlation plot is provided in the ESI (Figure S1).

From the EDA energy values in Table 5, it is seen that the electrostatic term has by far
the most attractive contribution in the interaction with an average percentual contribution
of 62%, justifying the use of the electrostatic model in Section 4.1 as a primer to understand
the observed and calculated sequences. Focusing on the tetrel and pnictogen bonded
complexes within the series for one type of Lewis base (DME or TMA), it is seen that the
two OCS tetrel complexes diverge somewhat from the overall agreement in terms of the
electrostatics’ relative contribution to the interaction energy. For the DME perpendicular
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complexes, the sequence in absolute AV values is in line with the quadrupole value
sequence, be it that the difference between N,O and OCS does not reflect the large differ-
ence in quadrupole moment. However, in the case of TMA, N,O and OCS are inverted,
with TMA.--OCS displaying more stabilizing electrostatic interactions than TMA.:-N,O.
As conjectured above, one might ascribe this effect to the fact that OCS has a much larger
dipole moment than N,O, so that, in this complex, the “reverse” dipole-quadrupole mo-
ment interaction may also be at stake, and thereby strengthen the overall interaction of
OCS as compared with N,O. The absolute contribution of the dispersion term is systemati-
cally higher in the TMA complexes (as expected in view of the larger volume/number of
electrons of this base), but is also counteracted by a significantly larger destabilizing contri-
bution of the Pauli repulsion term. The orbital interaction term is systematically smaller for
the pnictogen bond. Note also that the orbital interactions play a more significant role, both
in the absolute and in the relative sense, for the chalcogen bond compared with the tetrel
bond with OCS, especially in the case of TMA, probably owing to the better alignment
(end-on) of the interacting species, but resulting in a less attractive dispersion component.
Lastly, the strongly interacting tetrel complexes with CO, and the extensively dispersion-
stabilized TMA.--OCS tetrel complex are accompanied by a larger strain energy. On a
final note, the PBE0-D3B] density approximation seems to cause an overstabilization of the
chalcogen-bonded complexes, compared with the OCS tetrel bonds, which is in contrast to
the CCSD(T) and M06-2X-D3 results and contradicts the experimental observations.

Table 5. Energy decomposition analysis (EDA) of the interaction energy of all eight complexes (cf
Equation (5)). All terms are given in k] mol~!. The percentages written in parentheses represent
the relative contribution of the orbital interaction energy, the electrostatic energy, and the dispersion
energy with respect to the total stabilization component of the interaction energy.

Complex ",i";;g AEcomplex AEstrain ~ AEint AEpaui  AVest  AEoi  Egisp
DME--CO,  tetrel  —16.0 0.6 167 263 _(22)'2 (_2%)5 Z152)3
DME.:--N,O pnictogen —12.0 0.1 —12.1 20.6 _(25)5 (_1%)1 (_156)1
DME--OCS  tetrel ~ —9.7 0.3 ~100 231 *(;3)7 &%f z26(1)7
DME--OCS chalcogen —9.9 0.1 ~10.0 172 _(;2)3 (_277)3 z147')6
TMA--CO,  tetrel  —19.6 1.7 212 454 _(2%9 (_2130 (_183)7
TMA-N,O pnictogen —12.9 0.1 130 294 7(5;)5 62)6 Zz%;
TMA--OCS  tetrel  —12.6 0.7 133 405 _(3%7 (_21219 _(;%)3
TMA---OCS chalcogen —14.1 0.2 —14.2 35.3 —275 Sz 78

(56) (29) (16)

All in all, the energy decomposition analysis shows that the larger part of the in-
teraction energy can be ascribed to the electrostatic term, justifying and underpinning
the “classical” electrostatic reasoning presented in the quadrupole-dipole moment model
presented in Section 4.1.

4.4. Bonding Analysis

A final quantum-chemical analysis is applied to elucidate the impact of charge transfer on
the stabilization of the different complexes. To this end, a natural orbital for chemical valence
(NOCV) analysis is carried out, in which the charge density reorganization resulting from the
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interacting orbitals of the two monomers is further decomposed into so-called NOCV orbital
contributions. The results of the NOCV analysis are summarized in Table 6 and Figure 9. It turns
out that, in all cases, only one contribution is dominant, as shown by the percentage of orbital
interactions involved (40-72%). The charge distribution rearrangement Ap upon complexation
ranges from a mere 0.06 a.u. for the pnictogen bonds to a more substantial 0.14-0.16 a.u. for the
tetrel and chalcogen bonds with TMA. These latter values are in agreement with a recent study
on the 6-OTFs-fulvene (T = Si, Ge) and NHj tetrel bonds [104]. At least in part, some of these Ap
values suggest possible charge transfer from the O or N lone-pair(s) region to the central tetrel or
pnictogen atom, with a spill-over effect to the outer atoms of the triatomic molecule, and to the
sulfur atom in the OCS chalcogen bond with further delocalization over the neighboring carbon
atom, as presented by the density deformation contours in Figure 9. Note that the NOCV data
nicely indicate that, for TMA, the Ap value is in nearly all cases appreciably larger than for DME, in
line with the above discussed higher basicity of TMA. Furthermore, the associated charge-transfer
orbital interaction energies for the TMA complexes, except for the pnictogen bond, take up a
larger proportion of the total orbital interaction term. These findings can thus rationalize the
markedly larger complexation energies for TMA than predicted by the quadrupole—dipole model.

Table 6. NOCYV analysis of the bonding pattern in all eight complexes. Overall deformation density
(Ap) and the absolute and relative contribution of the largest component in the NOCV analysis are
given. Energy values are in k] mol .

Complex Bond Type AEqi Nocv AEOi'N(()icnvcf/oA)Eoi'tom
DME---CO, tetrel —5.1 60
DME.--N,O pnictogen —22 43
DME.--OCS tetrel —3.4 50
DME.---OCS chalcogen -39 53
TMA---CO, tetrel —-10.8 72
TMA.--N,O pnictogen —2.6 40
TMA.--OCS tetrel -72 60
TMA.--OCS chalcogen -9.8 69
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Figure 9. Main component of the NOCV analysis: contours of deformation density distribution Ap. Electron depletion is indi-

cated by the green-colored regions; electron accumulation is represented by the blue-colored regions. (A) DME.--CO; (tetrel);
(B) DME.-:-N,O (pnictogen); (C) DME.--OCS (tetrel); (D) DME---OCS (chalcogen); (E) TMA.--CO; (tetrel); (F) TMA---N,O
(pnictogen); (G) TMA.--OCS (tetrel); (H) TMA---OCS (chalcogen).
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5. Conclusions

Analysis of infrared experimental frequency and intensity data of cryogenic solutions
in liquid Ar leads to an unambiguous identification of perpendicular tetrel and pnictogen
bonding of three linear triatomics, CO,, OCS, and N,O, with two Lewis bases, DME and
TMA. In particular, the lifting of the degeneracy of the v, bending mode with concomi-
tant and coupled red and blue shift offers most convincing evidence. The complexation
enthalpies, obtained by Van 't Hoff plots, are the first obtained for this type of complex
and, after conversion to complexation energies, show the expected order of magnitude
when compared with experimental and theoretical literature data on other hydrogen bond
congeners such as halogen and chalcogen bonds. Excellent agreement is obtained between
experimental and theoretical (CCSD(T) and M06-2X DFA level) values, certainly in view of
the order of magnitude of the values (lower than 20 k] mol ! and with differences in the se-
quence of sometimes only a few k] mol ') and experimental errors. Although theoretically
predicted, the chalcogen bond of OCS could not be observed, probably most likely owing
to entropic solvation effects. The observed and calculated frequencies are successfully
explained using a classical dipole-quadrupole model in which the magnitude and the
sign of the quadrupole moment of the triatomics are preponderant. Its use is justified and
validated later on by a study of the molecular electrostatic potential focusing on the Vg max
values of both o- and 7-holes and, afterwards, in a detailed energy decomposition analysis
where the electrostatic interaction term invariably and largely dominates. The orbital inter-
action term on the other hand mainly accounts for the charge transfer contribution between
the oxygen and nitrogen lone pair regions of the triatomics to the tetrel or pnictogen atom
with a spill-over effect to the terminal atoms of the triatomics. In view of the much higher
basicity of TMA as compared with DME, these charge shifts are appreciably larger in the
former case. In summary, the present study offers unambiguous experimental evidence for
the existence of perpendicular tetrel and pnictogen bond formation of the linear triatomic
Lewis acids. These findings together with quantitative information on their stability are
backed by extensive theoretical arguments at different levels of sophistication.

Supplementary Materials: The supplementary materials include CCSD(T)/CBS Results Using Feller
and Schwartz Extrapolation: Tables S1 and S2, Density Functional Approximation Benchmark of the
Complexation Energies at 0K and Excluding Zero-Point Energies: Table S3, Complexation Energy
Correlation Plots of PBE0-D3B]/cc-pVTZ with Experiment and with PBE0-D3BJ/TZ2P: Figure S1,
Cartesian Coordinates of the Isolated Lewis Acids and Bases and their Complexes (at MP2/aug-
cc-pVTZ level), Observed Vibrational Frequencies for the 1:1 Complexes and the Shifts Induced by
Complexation: Tables S4—59, MP2/6-311++G(d,p) Calculated Harmonic Frequencies and Infrared
Intensities with the Frequency Shifts Induced by the Complexation: Tables S10—S17.

Author Contributions: Conceptualization, ED.P. and W.H.; methodology, ED.V. and W.H.; valida-
tion, O.E., ED.V. and W.H.; formal analysis, PG., W.H. and ED.V.; writing—original draft preparation,
P.G., ED.V. and W.H.; writing—review and editing, ED.V. and F.D.P,; visualization, ED.V. and WH.;
supervision, FED.P.; project administration, ED.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data supporting reported results can be found in the ESI.

Acknowledgments: F.D.P. and ED.V. wish to thank the VUB for a Strategic Research Program
awarded to the ALGC research group. Tier2 computational resources and services were provided by

the Shared ICT Services Centre funded by the Vrije Universiteit Brussel, the Flemish Supercomputer
Center (VSC), and FWO.

Conflicts of Interest: The authors declare no conflict of interest.



Molecules 2021, 26, 6767 23 of 26

References

1. Schneider, H.J. Binding Mechanisms in Supramolecular Complexes. Angew. Chem. Int. Ed. 2009, 48, 3924-3977. [CrossRef]
[PubMed]

2. Berry, RS, Rice, S.A.; Ross, J. Physical Chemistry. J. Chem. Educ. 1980. Available online: https://pubs.acs.org/doi/pdf/10.1021/
ed058pA312.2 (accessed on 7 November 2021).

3. Pauling, L. The Nature of the Chemical Bond; Cornell University Press: New York, NY, USA, 1960.

4. Pimentel, G.C.; Mc Clellan, A.L. The Hydrogen Bond; W.H. Freeman: San Francisco, CA, USA, 1960; Available online: http:
/ / garfield.library.upenn.edu/classics1982 / A1982PC81900001.pdf (accessed on 7 November 2021).

5. Schuster, P; Zundel, G.; Sandorfy, C. The Hydrogen Bond: Recent Developments in Theory and Experiments; North-Holland Publishing
Company: Amsterdam, NY, USA, 1976; Available online: https://pubs.acs.org/doi/pdf/10.1021/ed055pA244.3 (accessed on 7
November 2021).

6. Gilli, G,; Gilli, P. The Nature of the Hydrogen Bond: Outline of a Comprehensive Hydrogen Bond.-Theory; Oxford Science Publications:
Oxford, UK, 2009.

7. Scheiner, S. Forty Years of Progress in the Study of the Hydrogen Bond. Struct. Chem. 2009, 30, 1119-1128. [CrossRef]

8. Scheiner, S. The Hydrogen Bond: A Hundred Years and Counting. J. Indian Inst. Sci. 2020, 100, 61-76. [CrossRef]

9.  Alonso, M.; Woller, T.; Martin-Martinez, FJ.; Contreras-Garcia, J.; Geerlings, P.; De Proft, F. Understanding the Fundamental Role
of /7, 0/0, and o /7t Dispersion Interactions in Shaping Carbon-Based Materials. Chem. Eur. |. 2014, 20, 4931-4941. [CrossRef]

10. Politzer, P.,; Lane, P.; Concha, M.C.; Ma, Y.G.; Murray, ].S. An Overview of Halogen Bonding. J. Mol. Mod. 2007, 13, 305-311.
[CrossRef]

11.  Metrangolo, P.; Resnati, G. Halogen Bonding: Fundamentals and Applications; Springer: Berlin, Germany, 2008.

12.  Legon, A.C. The Halogen Bond: An Interim Perspective. Phys. Chem. Chem. Phys. 2010, 12, 7736-7747. [CrossRef]

13. Cavallo, C.; Metrangolo, P; Milani, R; Pilati, T.; Priimagi, A.; Resnati, G.; Terraneo, G. The Halogen Bond. Chem. Rev. 2016, 116,
2478-2601. [CrossRef]

14. Costa, PJ. The Halogen Bond: Nature and Applications. Chemical Synergies; De Gruyter: Berlin, Germany, 2017.

15.  Bonaccorsi, R.; Scrocco, E.; Tomasi, . Molecular SCF Calculations for the Ground State of Some Three-Membered Ring Molecules:
(CH2)3, (CHz)zNH, (CHz)zNH2+, (CHz)ZO, (CHz)zs, (CH)2CH2, and NzCHz. ] Chem. Pl’lyS 1970, 52, 5270-5284. [CrossRef]

16. Brinck, T.; Murray, J.S.; Politzer, P. Surface Electrostatic Potentials of Halogenated Methanes as Indicators of Directional
Intermolecular Interactions. Int. |. Quant. Chem. 1992, 44, 57-64. [CrossRef]

17. Clark, T.; Henneman, M.; Murray, ].S.; Politzer, P. Halogen Bonding: The Sigma-Hole. J. Mol. Model. 2007, 13, 291-296. [CrossRef]

18. Politzer, P; Murray, J.S.; Clark, T. Halogen Bonding: An Electrostatically-Driven Highly Directional Noncovalent Interaction.
Phys. Chem. Chem. Phys. 2010, 12, 7748-7757. [CrossRef]

19. Politzer, P; Murray, J.S. Halogen Bonding: An Interim Discussion. Chem. Phys. Chem. 2013, 14, 278-294. [CrossRef]

20. Pelletier, P.; Caventou, ]. Mémoire sur un Nouvel Alcali Vegetal (la Strychnine). Ann. Chim. Phys. 1819, 10, 142-177.

21. Legon, A.C. m-Electron “Donor—Acceptor” Complexes B---CIF and the Existence of the “Chlorine Bond”. Chem. Eur. ]. 1998, 4,
1890-1897. [CrossRef]

22. Legon, A.C. Prereactive Complexes of Dihalogens XY with Lewis Bases B in the Gas Phase: A Systematic Case for the Halogen
Analogue B---XY of the Hydrogen Bond B---HX. Angew. Chem. Int. Ed. 1999, 38, 2686-2714. [CrossRef]

23.  Hauchecorne, D.; Szostak, R.; Herrebout, W.A.; Van der Veken, B.]. C-X---O Halogen Bonding: Interactions of Trifluoromethyl
Halides with Dimethyl Ether. Chem. Phys. Chem. 2009, 10, 2105-2115. [CrossRef]

24. Hauchecorne, D.; Van de Veken, B.J.; Moiana, A.; Herrebout, W.A. The C—Cl.--N Halogen Bond, the Weaker Relative of the C-I
and C-Br- - - N Halogen Bonds, Finally Characterized in Solution. Chem. Phys. 2010, 374, 30-36. [CrossRef]

25. Hauchecorne, D.; Molana, A.; Van der Veken, B.]J.; Herrebout, W.A. Halogen Bonding to a Divalent Sulfur Atom: An Experimental
Study of the Interactions of CF3X (X = Cl, Br, I) with Dimethyl Sulfide. Phys. Chem. Chem. Phys. 2011, 13, 10204-10213. [CrossRef]

26. Hauchecorne, D.; Nagels, N.; Van der Veken, B.].; Herrebout, W.A. C-X.--7t halogen and C-H:--m Hydrogen Bonding: Interactions
of CF;X (X = Cl, Br, I or H) with Ethene and Propene. Phys. Chem. Chem. Phys. 2012, 14, 681-690. [CrossRef]

27. Nagels, N.; Hauchecorne, D.; Herrebout, W.A. Exploring the C-X:--m Halogen Bonding Motif: An Infrared and Raman Study
of the Complexes of CF;X (X = Cl, Br and I) with the Aromatic Model Compounds Benzene and Toluene. Molecules 2013, 18,
6829-6851. [CrossRef]

28. Nagels, N.; Geboes, Y.; Pinter, B.; De Proft, F. Tuning the Halogen/Hydrogen Bond Competition: A Spectroscopic and Conceptual
DEFT Study of Some Model Complexes Involving CHF,1. Chem. Eur. |. 2014, 20, 8433-8443. [CrossRef]

29. Geboes, Y.; Nagels, N.; Pinter, B.; De Proft, F; Herrebout, W.A. Competition of C(spz)—Xn-O Halogen Bonding and Lone Pair---7
Interactions: Cryospectroscopic Study of the Complexes of CoF3X (X = F, Cl, Br, and I) and Dimethyl Ether. J. Phys. Chem. A 2015,
119, 2502-2516. [CrossRef]

30. Geboes, Y.; De Proft, F.; Herrebout, W.A. Expanding Lone Pair---7 Interactions to Nonaromatic Systems and Nitrogen Bases:
Complexes of CoF3X (X =F Cl, Br, I) and TMA-dy. J. Phys. Chem. A 2015, 119, 5597-5606. [CrossRef]

31. Geboes, Y.; De Proft, E; Herrebout, W.A. Lone pair- - - 7 interactions involving carbonyl r-systems: Experimental and theoretical
study of the complexes of COF, and COFCI with dimethyl ether. Chem. Phys. 2016, 476, 1-8. [CrossRef]

32.  Geboes, Y.; De Proft, F.; Herrebout, W.A. Effect of Fluorination on the Competition of Halogen Bonding and Hydrogen Bonding:

Complexes of Fluoroiodomethane with Dimethyl Ether and Trimethylamine. J. Phys. Chem. A 2017, 121, 4180-4188. [CrossRef]


http://doi.org/10.1002/anie.200802947
http://www.ncbi.nlm.nih.gov/pubmed/19415701
https://pubs.acs.org/doi/pdf/10.1021/ed058pA312.2
https://pubs.acs.org/doi/pdf/10.1021/ed058pA312.2
http://garfield.library.upenn.edu/classics1982/A1982PC81900001.pdf
http://garfield.library.upenn.edu/classics1982/A1982PC81900001.pdf
https://pubs.acs.org/doi/pdf/10.1021/ed055pA244.3
http://doi.org/10.1007/s11224-019-01357-2
http://doi.org/10.1007/s41745-019-00142-8
http://doi.org/10.1002/chem.201400107
http://doi.org/10.1007/s00894-006-0154-7
http://doi.org/10.1039/c002129f
http://doi.org/10.1021/acs.chemrev.5b00484
http://doi.org/10.1063/1.1672775
http://doi.org/10.1002/qua.560440709
http://doi.org/10.1007/s00894-006-0130-2
http://doi.org/10.1039/c004189k
http://doi.org/10.1002/cphc.201200799
http://doi.org/10.1002/(SICI)1521-3765(19981002)4:10&lt;1890::AID-CHEM1890&gt;3.0.CO;2-4
http://doi.org/10.1002/(SICI)1521-3773(19990917)38:18&lt;2686::AID-ANIE2686&gt;3.0.CO;2-6
http://doi.org/10.1002/cphc.200900125
http://doi.org/10.1016/j.chemphys.2010.06.004
http://doi.org/10.1039/c0cp02960b
http://doi.org/10.1039/C1CP22771H
http://doi.org/10.3390/molecules18066829
http://doi.org/10.1002/chem.201402116
http://doi.org/10.1021/jp5087812
http://doi.org/10.1021/acs.jpca.5b02283
http://doi.org/10.1016/j.chemphys.2016.07.014
http://doi.org/10.1021/acs.jpca.7b03206

Molecules 2021, 26, 6767 24 of 26

33.

34.

35.
36.
37.
38.
39.
40.
41.
42.
43.
44.

45.
46.

47.

48.
49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

Geboes, Y.; De Proft, E.; Herrebout, W.A. Taking the Halogen Bonding-Hydrogen Bonding Competition One Step Further:
Complexes of Difluoro Iodo Methane with Tri Methyl Phosphine, Dimethyl Sulfide and Chloro Methane. Acta. Cryst. B 2017, 73,
168-178. [CrossRef]

Geboes, Y.; De Proft, F.; Herrebout, W.A. Towards a Better Understanding of the Parameters Determining the Competition
Between Bromine Halogen Bonding and Hydrogen Bonding: An FTIR Spectroscopic Study of the Complexes Between Bromodi-
fluoromethane and Trimethylamine. J. Mol. Struct. 2018, 1165, 349-355. [CrossRef]

De Vleeschouwer, F.; Denayer, M.; Pinter, B.; Geerlings, P.; De Proft, F. Characterization of Chalcogen Bonding Interactions via an
In-Depth Conceptual Quantum Chemical Analysis. J. Comp. Chem. 2018, 39, 557-572. [CrossRef]

Vogel, L.; Wonner, P; Huber, S.M. Chalcogen Bonding: An Overview. Angew. Chem. Int. Ed. 2019, 58, 1880-1891. [CrossRef]
Shuklaa, R.; Chopra, D. Chalcogen and Pnictogen Bonds: Insights and Relevance. Curr. Sci. 2021, 120, 1848-1853.

Gromila, R.M.; Mooibroek, T.J.; Frontera, A. Hot Topics in Crystal Engineering; Elsevier: Amsterdam, The Netherlands, 2021.
Scheiner, S. The Pnicogen Bond: Its Relation to Hydrogen, Halogen, and Other Noncovalent bonds. Acc. Chem. Res. 2013, 46,
280-288. [CrossRef] [PubMed]

Grabowski, S.J. Pnicogen and Tetrel bonds-Tetrahedral Lewis Acid Centers. Struct. Chem. 2019, 30, 1141-1152. [CrossRef]
Geboes, Y.; De Vleeschouwer, F.; De Proft, E.; Herrebout, W.A. Exploiting the o-Hole Concept: An Infrared and Raman based
Characterization of the S---O Chalcogen Bond Between 2,2,4,4-Tetrafluoro-1,3-Dithiethane and Dimethyl Ether. Chem. Eur. |. 2017,
23,17384-17392. [CrossRef] [PubMed]

Alkorta, I.; Elguero, J.; Frontera, A. Not Only Hydrogen Bonds: Other Noncovalent Interactions. Crystals 2020, 10, 180. [CrossRef]
Bauza, A.; Mooibroek, T.J.; Frontera, A. Tetrel-Bonding Interaction: Rediscovered Supramolecular Force? Angew. Chem. Int. Ed.
2013, 52, 12317-12321. [CrossRef] [PubMed]

Mani, D.; Arunan, E. The X-C---Y (X=0O/E Y = 0/S/F/Cl/Br/N/P) ‘Carbon Bond’ and Hydrophobic Interactions. Phys. Chem.
Chem. Phys. 2013, 15, 14377-14383. [CrossRef]

Fraser, G.T.; Leopold, K.R.; Klemperer, W. Ammonia Dimer: A Surprising Structure. |. Chem. Phys. 1984, 81, 2577-2584. [CrossRef]
Newby, ].J.; Peebles, R.A.; Peebles, S.A. The Dimethyl Ether-OCS Dimer: Rotational Spectrum, Structure and Ab Initio Calculations.
J. Phys. Chem. A 2004, 108, 7372-7378. [CrossRef]

Newby, J.J.; Peebles, R.A.; Peebles, S.A. Structure of the Dimethyl Ether—CO, van der Waals Complex from Microwave
Spectroscopy. J. Phys. Chem. A 2004, 108, 11234-11240. [CrossRef]

Buckingham, A.D. Molecular Quadrupole Moments. Q. Rev. Chem. Soc. 1959, 13, 183-214. [CrossRef]

Buckingham, A.D. Intermolecular Interactions: From Diatomics to Biopolymers; Pullmann, B., Ed.; John Wiley & Sons: New York, NY,
USA, 1978.

Esrafili, M.D.; Mousavian, P. Strong Tetrel Bonds: Theoretical Aspects and Experimental Evidence. Molecules 2018, 23, 2642.
[CrossRef]

Dong, W.; Li, Q.; Scheiner, S. Comparative Strengths of Tetrel, Pnicogen, Chalcogen, and Halogen Bonds and Contributing Factors.
Molecules 2018, 23, 1681. [CrossRef]

Scheiner, S. Origins and Properties of the Tetrel Bond. Phys. Chem. Chem. Phys. 2021, 23, 5702-5717. [CrossRef]

Ziegler, T.; Rauk, A. On the Calculation of Bonding Energies by the Hartree Fock Slater Method. I. The Transition State Method.
Theor. Chim. Acta. 1977, 46, 1-10. [CrossRef]

Ziegler, T.; Rauk, A. A Theoretical Study of the Ethylene-Metal Bond in Complexes Between Copper(1+), Silver(1+), Gold(1+),
Platinum(0) or Platinum(2+) and Ethylene, Based on the Hartree-Fock-Slater Transition-State Method. Inorg. Chem. 1979, 18,
1558-1565. [CrossRef]

Silvi, B.; Savin, A. Classification of Chemical Bonds Based on Topological Analysis of Electron Localization Functions. Nature
1994, 371, 683-686. [CrossRef]

Legon, A.C. Tetrel, Pnictogen and Chalcogen Bonds Identified in the Gas Phase Before They Had Names: A Systematic Look at
Non-Covalent Interactions. Phys. Chem. Chem. Phys. 2017, 19, 14884-14896. [CrossRef]

Alkorta, I; Legon, A.C. An Ab Initio Investigation of the Geometries and Binding Strengths of Tetrel-, Pnictogen-, and Chalcogen-
Bonded Complexes of CO,, N>O, and CS, with Simple Lewis Bases: Some Generalizations. Molecules 2018, 23, 2250. [CrossRef]
Lu, T;; Zhang, J.; Gou, Q.; Feng, G. Structure and C- - - N Tetrel-Bonding of the Isopropylamine-CO, Complex Studied by
Microwave Spectroscopy and Theoretical Calculations. Phys. Chem. Chem. Phys. 2020, 22, 8467-8475. [CrossRef]

Van Ginderen, P.; Herrebout, W.A ; van der Veken, B.]. van der Waals Complex of Dimethyl Ether with Carbon Dioxide. J. Phys.
Chem. A 2003, 107, 5391-5396. [CrossRef]

Herrebout, W.A.; Nagels, N.; van der Veken, B.J. On the v CO;/2 v, CO; Resonance in the Complex of Carbon Dioxide with
Dimethyl Ether. Chem. Phys. Chem. 2009, 10, 3054-3060. [CrossRef]

Mitoraj, PM.; Michalak, A. Natural Orbitals for Chemical Valence as Descriptors of Chemical Bonding in Transition Metal
Complexes. J. Mol. Model. 2007, 13, 347-355. [CrossRef]

Mitoraj, M.; Michalak, A.; Ziegler, T. A Combined Charge and Energy Decomposition Scheme for Bond Analysis. J. Chem. Theor.
Comp. 2009, 5, 962-975. [CrossRef]

Dyduch, K.; Mitoraj, M.P.; Michalak, A. ETS-NOCV Description of o-Hole Bonding. J. Mol. Model. 2013, 19, 2747-2758. [CrossRef]
Herrebout, W.A.; van der Veken, B.]. Physics and Chemistry at Low Temperatures; Khriachtchev, L., Ed.; Jenny Stanford Publishing;:
Singapore, 2011.


http://doi.org/10.1107/S2052520617001354
http://doi.org/10.1016/j.molstruc.2018.03.123
http://doi.org/10.1002/jcc.25099
http://doi.org/10.1002/anie.201809432
http://doi.org/10.1021/ar3001316
http://www.ncbi.nlm.nih.gov/pubmed/23135342
http://doi.org/10.1007/s11224-019-01358-1
http://doi.org/10.1002/chem.201704406
http://www.ncbi.nlm.nih.gov/pubmed/28960526
http://doi.org/10.3390/cryst10030180
http://doi.org/10.1002/anie.201306501
http://www.ncbi.nlm.nih.gov/pubmed/24123575
http://doi.org/10.1039/c3cp51658j
http://doi.org/10.1063/1.447965
http://doi.org/10.1021/jp0476747
http://doi.org/10.1021/jp0464573
http://doi.org/10.1039/qr9591300183
http://doi.org/10.3390/molecules23102642
http://doi.org/10.3390/molecules23071681
http://doi.org/10.1039/D1CP00242B
http://doi.org/10.1007/BF02401406
http://doi.org/10.1021/ic50196a034
http://doi.org/10.1038/371683a0
http://doi.org/10.1039/C7CP02518A
http://doi.org/10.3390/molecules23092250
http://doi.org/10.1039/D0CP00925C
http://doi.org/10.1021/jp034553i
http://doi.org/10.1002/cphc.200900414
http://doi.org/10.1007/s00894-006-0149-4
http://doi.org/10.1021/ct800503d
http://doi.org/10.1007/s00894-012-1591-0

Molecules 2021, 26, 6767 25 of 26

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Herrebout, W.A. Halogen Bonding I: Impact on Materials Chemistry and Life Sciences; Springer: New York, NY, USA, 2015.

Wilcox, S.; Herrebout, W.A.; Erdélyi, M. Halogen Bonding in Solution; Hiiber, S., Ed.; Wiley: Hoboken, NJ, USA, 2021; pp. 153-194.
Van der Veken, B.]. Measurement of Enthalpy Differences in Cryosolutions: Influence of Thermal Expansion. J. Phys. Chem. 1996,
100, 17436-17438. [CrossRef]

Hehre, W.]J.; Radom, L.; Schleyer, PV.R.; Pople, J.A. Ab Initio Molecular Orbital Theory; John Wiley & sons Ltd.: New York, NY,
USA, 1986.

Available online: https:/ /s3-eu-west-1.amazonaws.com/pstorage-acs-6854636/3955375/jp500312r_si_001.pdf (accessed on 7
November 2021).

Boys, S.F.; Bernardi, F. The Calculation of Small Molecular Interactions by the Differences of Separate Total Energies. Some
Procedures with Reduced Errors. Mol. Phys. 1970, 19, 553-566. [CrossRef]

Van Duijneveldt, F.B.; van Duijneveldt-van de Rijdt, ].G.C.M.; Van Lenthe, J.H. State of the Art in Counterpoise Theory. Chem.
Rev. 1994, 94, 1873-1885. [CrossRef]

Salvador, P; Szczesniak, M.M. Counterpoise-Corrected Geometries and Harmonic Frequencies of N-body Clusters: Application
to (HF),, (n = 3,4). J. Chem. Phys. 2003, 118, 537-549. [CrossRef]

Available online: https://www.scirp.org/(S(1z5mqp453ed%20snp55rrgjct55)) /reference /referencespapers.aspx?referenceid=
2418053 (accessed on 7 November 2021).

Dunning, T.H., Jr. Gaussian Basis Sets for Use in Correlated Molecular Calculations. I. The Atoms Boron Through Neon and
Hydrogen. J. Chem. Phys. 1989, 90, 1007-1023. [CrossRef]

Woon, D.E.; Dunning, T.H., Jr. Gaussian-Basis Sets for Use in Correlated Molecular Calculations. 3. The Atoms Aluminum
Through Argon. J. Chem. Phys. 1993, 98, 1358-1371. [CrossRef]

Schwartz, C. Methods in Computational Physics; Alder, B.J., Ed.; Academic: New York, NY, USA, 1963; Volume 2.

Martin, J.M.L. Energetics of Stable Molecules and Reactive Intermediates; Minas da Piedade, M.E., Ed.; Kluwer Academic Publishers:
New York, NY, USA, 1999.

Feller, D. Application of Systematic Sequences of Wave Functions to the Water Dimer. ]J. Chem. Phys. 1992, 96, 6104—-6114.
[CrossRef]

Feller, D. The Use of Systematic Sequences of Wave Functions for Estimating the Complete Basis Set, Full Configuration Interaction
Limit in Water. J. Chem. Phys. 1993, 98, 7059-7071. [CrossRef]

Zhao, Y.; Truhlar, D.G. The M06 Suite of Density Functionals for Main Group Thermochemistry, Thermochemical Kinetics,
Noncovalent Interactions, Excited States, and Transition Elements: Two New Functionals and Systematic Testing of Four
MO06-Class Functionals and 12 Other Functionals. Theor. Chem. Acc. 2008, 120, 215-241.

Grimme, S.; Antony, ]J.; Ehrlich, S.; Krieg, H. A Consistent and Accurate Ab Initio Parameterization of Density Functional
Dispersion Correction (DFT-D) for the 94 Elements H-Pu. J. Chem. Phys. 2010, 132, 154104. [CrossRef]

Adamo, C.; Barone, V. Toward Reliable Density Functional Methods Without Adjustable Parameters: The PBEO Model. J. Chem.
Phys. 1999, 110, 6158-6169. [CrossRef]

Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of the Damping Function in Dispersion Corrected Density Functional Theory. J. Comp.
Chem. 2011, 32, 1456-1465. [CrossRef]

Te Velde, G.; Bickelhaupt, EM.; Baerends, E.J.; Fonseca Guerra, C.; van Gisbergen, S.J.A.; Snijders, ].G.; Ziegler, T. Chemistry with
ADF. J. Comp. Chem. 2001, 22, 931-967. [CrossRef]

ADF 2020.102, SCM, Theoretical Chemistry, Vrije Universiteit, Amsterdam, The Netherlands. Available online: http://www.scm.
com (accessed on 7 November 2021).

Van Lenthe, E.; Baerends, E.J.; Snijders, ].G. Relativistic Regular Two-Component Hamiltonians. J. Chem. Phys. 1993, 99, 4597—-4610.
[CrossRef]

Van Lenthe, E.; van Leeuwen, R.; Baerends, E.J.; Snijders, J.G. Relativistic Regular Two-Component Hamiltonians. Int. . Quant.
Chem. 1996, 57, 281-293. [CrossRef]

Jorgensen, W.L. BOSS-Biochemical and Organic Simulation System. Encycl. Comput. Chem. 1998, 5, 3281-3285.

NIST Chemistry Webbook. Available online: https:/ /webbook.nist.gov/chemistry (accessed on 8 November 2021).

Graham, C.; Imrie, D.A.; Raab, R.E. Measurement of the electric quadrupole moments of CO,, CO, N,, Cl, and BF3. Mol. Phys.
1998, 93, 49-56. [CrossRef]

Watson, J.; Craven, LE.; Ritchie, G.L.D. Temperature Dependence of Electric Field-Gradient Induced Birefringence in Carbon
Dioxide and Carbon Disulfide. Chem. Phys. Lett. 1997, 274, 1-6. [CrossRef]

Reinartz, J.M.L.J.; Meerts, W.L.; Dymanus, A. Hyperfine Structure, Electric and Magnetic Properties of 14N, 160. Chem. Phys. 1978,
31, 19-29. [CrossRef]

NIST Triatomic Spectral Database. Available online: http://www.physics.nist.gov/PhysRefData/MolSpec/Triatomic/index.html
(accessed on 7 November 2021).

De Leeuw, FH.; Dymanus, A. Electric and Magnetic Properties of OCS Measured by Molecular-Beam Electric-Resonance
Spectroscopy. Chem. Phys. Lett. 1970, 7, 288-292. [CrossRef]

Zolandz, Z.; Yaron, D.; Peterson, K.I.; Klemperer, W. Water in Weak Interactions: The Structure of the Water-Nitrous Oxide
Complex. J. Chem. Phys. 1992, 97, 2861-2868. [CrossRef]


http://doi.org/10.1021/jp9617478
https://s3-eu-west-1.amazonaws.com/pstorage-acs-6854636/3955375/jp500312r_si_001.pdf
http://doi.org/10.1080/00268977000101561
http://doi.org/10.1021/cr00031a007
http://doi.org/10.1063/1.1527011
https://www.scirp.org/(S(lz5mqp453ed%20snp55rrgjct55))/reference/referencespapers.aspx?referenceid=2418053
https://www.scirp.org/(S(lz5mqp453ed%20snp55rrgjct55))/reference/referencespapers.aspx?referenceid=2418053
http://doi.org/10.1063/1.456153
http://doi.org/10.1063/1.464303
http://doi.org/10.1063/1.462652
http://doi.org/10.1063/1.464749
http://doi.org/10.1063/1.3382344
http://doi.org/10.1063/1.478522
http://doi.org/10.1002/jcc.21759
http://doi.org/10.1002/jcc.1056
http://www.scm.com
http://www.scm.com
http://doi.org/10.1063/1.466059
http://doi.org/10.1002/(SICI)1097-461X(1996)57:3&lt;281::AID-QUA2&gt;3.0.CO;2-U
https://webbook.nist.gov/chemistry
http://doi.org/10.1080/00268979809482187
http://doi.org/10.1016/S0009-2614(97)00656-8
http://doi.org/10.1016/0301-0104(78)87022-0
http://www.physics.nist.gov/PhysRefData/MolSpec/Triatomic/index.html
http://doi.org/10.1016/0009-2614(70)80311-6
http://doi.org/10.1063/1.463028

Molecules 2021, 26, 6767 26 of 26

96.

97.

98.
99.

100.

101.

102.

103.

104.

Fraser, G.T.; Nelson, D.D., Jr.; Gerfen, G.J.; Klemperer, W. The Rotational spectrum, Barrier to Internal Rotation, and Structure of
NH3-N;O. J. Chem. Phys. 1985, 83, 5442-5449. [CrossRef]

Gougoula, E.; Medcraft, C.; Alkorta, I.; Walker, N.R.; Legon, A.C. A Chalcogen-Bonded Complex H3N- - - S=C=S Formed by Ammonia
and Carbon Disulfide Characterised by Chirped-Pulse, Broadband Microwave Spectroscopy. J. Chem. Phys. 2019, 150, 084307. [CrossRef]
Benkova, Z.; Sadlej, A.J. Electric Moments of Carbon Dichalcogenides. Mol. Phys. 2004, 102, 687-699. [CrossRef]

Clayden, J.; Greeves, N.; Warren, S.; Wothers, P. Organic Chemistry; Oxford University Press: Oxford, UK, 2001.

Gougoula, E.; Moxon, J.A.; Walker, N.R.; Legon, A.C. A Chalcogen-Bonded Complex (CHj3)3N- - - SCO Characterised by
Rotational Spectroscopy. Chem. Phys. Lett. 2020, 743, 137177. [CrossRef]

Alkorta, I.; Elguero, J.; Del Bene, J.E. Complexes of O=C=S with Nitrogen Bases: Chalcogen Bonds, Tetrel Bonds, and Other
Secondary Interactions. Chem. Phys. Chem. 2018, 19, 1886-1894. [CrossRef]

Bhattarai, S.; Sutradhar, D.; Chandra, A K.; Zeegers-Huyskens, T. Nature of the Interaction of Pyridines with OCS. A Theoretical
Investigation. Molecules 2020, 25, 416. [CrossRef]

Montana, A.M. The o and 7t Holes. The Halogen and Tetrel Bondings: Their Nature, Importance and Chemical, Biological and
Medicinal Implications. Chem. Sel. 2017, 2, 9094-9112. [CrossRef]

Hou, M.-C; Yang, S.-B.; Li, Q.-Z.; Cheng, J.-B.; Li, H.-B.; Liu, S.-F. Tetrel Bond between 6-OTX3-Fulvene and NHj: Substituents
and Aromaticity. Molecules 2019, 24, 10. [CrossRef]


http://doi.org/10.1063/1.449714
http://doi.org/10.1063/1.5085281
http://doi.org/10.1080/00268970410001698919
http://doi.org/10.1016/j.cplett.2020.137177
http://doi.org/10.1002/cphc.201800217
http://doi.org/10.3390/molecules25020416
http://doi.org/10.1002/slct.201701676
http://doi.org/10.3390/molecules24010010

	Introduction 
	Methodology and Experimental and Computational Details 
	Infrared Spectroscopy 
	Methodology 
	Experimental Details 

	Theory and Computational Details 

	Results 
	Infrared Spectroscopy 
	Ab Initio and DFA-Based Complexation Energies 

	Discussion 
	The Quadrupole-Dipole Model 
	Molecular Electrostatic Potential 
	Energy Decomposition Analysis 
	Bonding Analysis 

	Conclusions 
	References

